We present a dual-comb-generator based on a coupled Fabry-Perot filtering cavity doublet and a single seed laser source. By filtering a commercial erbium-doped fiber-based optical frequency comb with CEO-stabilisation and 250 MHz repetition rate, two broadband coherent combs of different repetition rates in the GHz range are generated. The filtering doublet consists of two Fabry-Perot cavities with a tunable spacing and Pound-Drever-Hall stabilisation scheme. As a prerequisite for the development of such a filtering unit, we present a method to determine the actual free spectral range and transmission bandwidth of a FabryPerot cavity in situ. The transmitted beat signal of two diode lasers is measured as a function of their tunable frequency difference. Finally, the filtering performance and resulting beat signals of the heterodyned combs are discussed as well as the optimisation measures of the whole system.
Dual-frequency comb generation with differing GHz repetition rates by parallel Fabry-Perot cavity filtering of a single broadband frequency comb source 
Introduction
Femtosecond frequency combs are highly promising tools for many applications due to their advantageous spectral properties, such as large bandwidths, well-defined, stable repetitions rates and directly traceable discrete modes [1] . Applications comprise frequency synthesis and metrology [1] , laser spectroscopy of gases [2, 3] and calibration of astronomical spectrographs [4, 5] . Spectral width, robustness and direct traceability to the SI definition of the metre make them excellent candidates as sources in optical length metrology [6] . Their application in multi-wavelength interferometry for (absolute) distance metrology appears particularly conceptually appealing [7] . In this approach the frequency spectrum of the interference signal is analysed regarding its phase information. A heterodyne implementation of multiwavelength interferometry was first proposed by Lay and coworkers [8] . For phase demodulation two frequency combs of different repetition rates are required. This (multi) heterodyne cross correlation measurement technique, often referred to as 'dual-comb' or modulation sideband technology for absolute ranging (MSTAR) interferometry, features advantages like high measurement rates and precision, easily accessible signal processing and an extendable non-ambiguity range [9] [10] [11] . However, acquisition and maintenance costs for two femtosecond lasers seem currently too high for broader application, e.g. in industrial metrology. We recently demonstrated dual-comb interferometry using a more cost-efficient electrooptic comb source [12] . The achievable uncertainty of this type of measurement depends critically on the bandwidth of the comb source [13] . Therefore, the use of octave-spanning fiber comb sources appears desirable for high-accuracy applications. In order to access individual comb modes, a prerequisite for classical interferometric analysis in multi-wavelength interferometry, the mode spacing should not be too small. Commercially available fiber-doped frequency combs, however, have relatively low repetition rates in the order of a few hundred MHz. Consequently, individual comb modes are difficult to separate with classical spectroscopic methods within reasonable dimensions. It should be noted that the low repetition rate and corresponding high mode density also prevents a direct application of frequency combs for the calibration of astronomical spectrographs. State-of-the-art spectrographs in this field, for example, feature a resolution of around 15 GHz [4] .
As one approach to overcome this issue, frequency comb modes can be thinned out by a Fabry-Perot filtering cavity, being equivalent to multiplying the repetition rate. For this purpose the cavity's free spectral range ( ν ∆ FSR ), i.e. its length, has to match a multiple of the laser's repetition rate. This method was first proposed for generating an astronomical frequency comb in 2007 [5, 14] and has since been implemented in other experimental setups as well (see, e.g. [15, 16] and the references therein). A disadvantage of this approach, however, is the inevitable loss of power. In principle, this limits application, but can be overcome by using optical laser amplifiers following the cavity [17] . Nevertheless, there are several non-trivial challenges in setting up a Fabry-Perot cavity under controlled conditions for this purpose. Optical coupling requires both careful adjustment and matching of the laser beam to the fundamental mode of the cavity. Furthermore, a stabilisation scheme is mandatory for a robust transmission and has to be implemented. Above all, the cavity length has to be positioned with sub-micrometer accuracy in advance to satisfy the filtering criterion. Otherwise, no comb mode is transmitted and no optimisation measure, e.g. mode-matching, can be performed.
Several methods to determine ν ∆ FSR for this purpose have been reported. For once, it can be directly measured by observing the transmission spectrum while tuning the incident laser wavelength [18, 19, 20] . The precision of such an approach is typically limited to ⋅ − 4 10 6 by the resolution of the optical spectrum analyser [20] . Most techniques utilise phase-modulation of the laser with a modulation frequency around ν ∆ FSR , while measuring the reflected and/or transmitted power from the cavity. Due to the targeted flat response of the power signal, the method is often referred to as the 'null method' (see, e.g. [21] and the references therein). A similar technique deploys a modified Pound-Drever-Hall (PDH) scheme, in which the derived error signal is analysed while additionally scanning the modulation frequency [22, 23] . Both methods are only limited by the laser linewidth and cavity finesse reaching a precision of up to 10 −8 [21, 23] . Precise control of ν ∆ FSR has been demonstrated by the use of two detuned probe laser beams [24, 25] .
In this paper, we demonstrate cavity-filtering as a possibility to generate a comb doublet for length metrology using a single frequency comb source. For the implementation, we present an alternative approach for the determination of ν ∆ FSR , which significantly simplifies the tedious alignment 
of respective filters in practice. The technique is then applied to develop a pair of Fabry-Perot cavities with different, preset free spectral ranges. By seeding the coupled filtering doublet with one femtosecond frequency comb source, two coherent combs of different, multiplied repetition rates are generated. This 'dual-comb-generator' represents the basis for a novel concept of and a cost-saving solution for multi-wavelength interferometry based on optical frequency combs to push relative measurement uncertainties in long distance metrology into the regime of better than 10
. The applicability of the dual combs to MSTAR-related schemes is demonstrated by beat note experiments at the end of this paper.
Experimental setup
The experimental setup for frequency comb mode filtering, PDH stabilisation and ν ∆ FSR determination is shown in figure 1 for a single Fabry-Perot filter cavity. The optical frequency synthesiser to be filtered is based on a mode-locked erbiumdoped fiber laser (Menlo Systems FC1500), whose output is amplified and frequency-doubled to provide laser pulses of τ = 62 p fs pulse duration centered at λ = 790 nm with a repetition rate of . Furthermore, two external cavity diode lasers are used for cavity stabilisation and characterisation, respectively. Both diode lasers are combined by a fused fibre coupler with parallel polarisation. The frequency of ECDL2 (Sacher Lasertechnik) can be tuned by a piezo driver to adjust the frequency difference between both diode lasers, the resulting tunable beat signal being used for ν ∆ FSR determination.
The Fabry-Perot filtering cavity consists of two UV-fused silica plano-concave mirrors with −100 mm radius of curvature and high-reflection coating of = R 98% (Laseroptik). The group velocity dispersion (GVD) of the mirror coatings is less than 10 fs −2 around 780 nm to avoid a wavelengthdependent ν ∆ FSR . The rear mirror is attached to a ring piezoactuator with matched casing and a total motion range of 12 μm (Piezosystem Jena RA12/24). Furthermore, the cavity is enclosed by two mode-matching lenses on each side with focal lengths of +50 mm and −20 mm in front of the cavity as well as −50 mm and +60 mm after the cavity for proper beam collimation.
The cavity is stabilised by a Pound-Drever-Hall (PDH) scheme [26] . An electro-optic modulator (EOM) is used to generate sidebands on ECDL1 (Toptica DL pro). The modulated light passes a Faraday isolator (FI) before being reflected at the entrance mirror of the cavity. The reflected light is filtered out by the FI, containing beat signals between the carrier frequency and modulation sidebands, and is detected by a 200 MHz photoreceiver (Femto HCA-S-200M-SI). The diode signal is then mixed with the EOM driving signal. The resulting error signal is used for feedback control by a servo amplifier (PID-controller) and monitored on an oscilloscope in parallel. The feedback signal is low pass filtered and fed to the piezo driver of the ring piezo attached to the rear mirror, closing the feedback loop to stabilise the cavity length for maximum transmission.
Frequency comb and diode laser radiation are superposed by a polarising beam splitter cube (PBS) before passing the Fabry-Perot cavity. The transmitted light is then split by a non-polarising beam splitter cube and detected by two different photodiodes. A large-area silicon photoreceiver (New Focus 2031) is used to monitor the continuous wave (cw) ECDL transmission. To detect beat signals in the radio frequency (RF) regime the laser beam is focused onto a 12 GHz amplified free-space photoreceiver (New Focus 1577-A) fixed on a three-dimensional translation stage. The RF signal is then again amplified and analysed by an RF-spectrum analyser (Rohde & Schwarz FSV30). The optical spectra are characterised by a commercial optical spectrum analyser (Yokogawa AQ6373B).
Cavity adjustment and characterisation
The Fabry-Perot filtering cavities are set up in a configuration lying in-between a confocal and near-planar one, as the mirror radius of curvature r is larger than the mirror separation, i.e. cavity length l, but not as much as r l. The confinement condition for optical resonators [27] ,
gives a value of 0.25 for, e.g. l = 49.97 mm, and the given radius of curvature r = −100 mm, where 0 represents the symmetric confocal case and 1 the plane-parallel one. Both configurations lie on the verge of non-confinement, meaning a strong sensitivity to small changes in the parameters. Thus, it is of clear advantage to stay within the (low-loss) area in-between. For these parameters a free spectral range ν ∆ FSR of 3.00 GHz is achieved according to
with c being the speed of light in vacuum and n the index of refraction. The transmitted power, determined by the mirror reflectivity = R 98% and losses of ⩽0.25%, should be 76.6% in theory. The cavity finesse F is defined as the ratio between ν ∆ FSR and transmission bandwidth δν, and can be related to the reflectivity R of the (near-planar) mirrors by [28] ν δν
Equation (3) then gives (upper limits of) = F 155.5 and δν = 19. 29 MHz for the applied parameters.
To adjust the cavity mirrors and length coarsely, the ring piezo attached to the rear mirror is scanned with a standard triangle signal at 28.5 Hz, while the diode laser transmission of ECDL1 and the generated error signals are monitored. When both signals are optimised, as illustrated in figure 2(a) for a slow modulation frequency of 10 MHz, the PDH stabilisation can be activated. The locking point is set to the zero crossing of the error signal, which corresponds to a maximum diode laser transmission. The PDH stabilisation is then stable during the whole day with fluctuations typically in the range of ±2.5% (30 mV) in DL transmission and ±8% (10 mV) in error signal. The typical long-term frequency change of ECDL1 with room temperature is specified to be 100 MHz K . Under laboratory conditions, the frequency is therefore stable in the order of 10
. It should be noted that due to the filtering principle, the stability of the comb modes of the filtered combs is determined by the seeding frequency comb. Drifts of ECDL1 only lead to slowly varying amplitude modulations of the cavity transmission. As the cavity is strongly sensitive to any kind of vibration, e.g. due to air flow and electronic equipment, the fluctuations can rise to ±6% (70 mV) and ±20% (25 mV), respectively, while the femtosecond laser system is running. The mean transmission efficiency is then about 65.1% and not far from the theoretical value of 76.6%.
For fine adjustment and to determine ν ∆ FSR and transmission bandwidth, the second ECDL is used. By tuning the frequency of ECDL2 by a piezo driver the frequency differ-
E CDL2 between both diode lasers can be adjusted to a beat frequency lying within the transmission bandwidth of the Fabry-Perot filtering cavity. Four such detuned ECDL configurations around the cavity's ν ∆ FSR of 3.00 GHz are displayed in figure 2(b) exemplarily. When the desired ν ∆ FSR of the cavity is not achieved yet, the actual cavity length can be determined in this way and adjusted iteratively. The actual ν ∆ FSR corresponds to the position of the maximum beat signal when the cavity length is locked. The precision of this approach is given by the laser linewidth and resolution of the spectrum analyser in use. The typical linewidth of ECDL1 is specified to be ∼200 kHz (5 μs integration time). The frequency readout resolution of the spectrum analyser is 0.1 Hz, while the marker resolution is 1 Hz. For the given span of 1 GHz on the spectrum analyser (see figure 2(b) ) ν ∆ FSR was determined to 2.9993 GHz with an accuracy of ±1.5 MHz, leading to a precision of ⋅ For a cavity bandwidth of ∼20 MHz a corresponding smaller span can be used to achieve a precision of < ⋅ − 7 10 5 limited by the given laser linewidth.
In the same way the envelope of the cavity transmission can be mapped as well. While scanning the frequency difference between both diode lasers manually, shifting of the transmitted beat signal (see snapshots in figure 2(b)) is observed. As the mean power of ECDL2 is sufficiently lower compared to the stabilising ECDL1 (less than 10%) ECDL2 can be scanned or detuned, although both laser beams are modulated with the same EOM. The full width at half maximum (FWHM) transmission bandwidth is thus determined to 20.26 MHz, which is in good agreement with the theor etical value for δν of 19.29 MHz. The two small beat signals in figure 2(b) separated by 163.53 MHz lie at the edges of the cavity's transmission envelope (indicated by the grey shaded area) according to the corresp onding detuned ECDL configurations. The peak positions are given by the deviation of the DL's frequency difference from the cavity's free spectral range ν ν ∆ ± ∆ FSR DL , resulting in a signal level of around 1.5% compared to the maximal transmission (note that the left-hand axis in figure 2(b) has a logarithmic scale). Please note that this result is a convolution of the laser linewidth with the cavity transmission bandwidth, leading to a larger value compared to the true bandwidth [29] .
Dual-comb-generation
The spectrum of an optical frequency comb ν comb , as generated, e.g. by the optical fibre comb mentioned before, can be described by
with ∈ N n n , 1 final denoting the bandwidth of the spectrum, f CEO the carrier envelope offset frequency, and f rep the repetition rate [1] . If the free spectral range ν ∆ FSR of the cavity described above is matched to a multiple of the repetition rate, i.e. (5) the cavity acts as a filter to generate a frequency comb with the higher repetition rate ν ∆ FSR , while maintaining to first order the bandwidth of the seed comb. This effect is known as repetition rate multiplication [16] . It should be noted that in theory, such a match of free spectral range and comb modes would require f CEO to vanish. In practice, however, there was no change in filtering performance visible when the offset frequency of 40 MHz (frequency doubled) was compensated for by shifting the laser frequency by 210 MHz in sum with two acousto-optic modulators (AOMs), neither in the quality of the filtered RF spectra, nor in the transmission efficiencies. Actually a rough calculation can explain that: assuming that the cavity length is chosen to match a comb line in the centre spectrum (order . Although the mismatch increases with each mode towards the edges of the laser spectrum, it would be <13 kHz at most, corresponding to <0.065% in relation to the given bandwidth. We therefore omitted a CEO adjustment in our experiment.
In this study, the basic filter design was used to realise a dual-comb-generator for a coherent comb pair. The FabryPerot filtering cavity was duplicated with minor modifications for this purpose. The length adjustment of the two cavities, i.e. tuning their free spectral ranges ν ∆ FSR , was done according to the procedure as described in section 3. The PDH control of both cavities is performed using only one diode laser (ECDL1). Its beam is distributed on the two cavities by a fibre splitter. Each split beam is then modulated with two different modulation frequencies separately (10 MHz in front of cavity 1 and 61 MHz in front of cavity 2). The returning error signals are therefore different (i.e. slow and fast modulation, respectively) and detected completely separated as well. Both feedback control systems are electronically independent from each other.
The frequency comb source is the same femtosecond laser as described in section 2 and split by a separate fibre coupler to serve both Fabry-Perot filtering units simultaneously as well. As ECDL1 stabilises both cavities and the frequency comb is filtered by the very cavities, the two lasers should be frequency stabilised onto each other, e.g. by a phase-locked loop (PLL). However, in practice, it turned out to be no problem for our dual-comb-generator, because the cavity bandwidths are quite large. Drifts of ECDL1 only lead to slowly varying amplitude modulations of the cavity transmission. The frequency stability of the filtered comb modes remains unaffected, as the corresponding stability of the seeding frequency comb source is preserved. Furthermore, for the application in multi-wavelength interferometry for long-distance metrology the benefit in measurement uncertainty will not be significant. Therefore, we omitted the additional PLL stabilisation to not extend the experimental setup unnecessarily.
The target of this study was the generation of a comb pair with a difference in mode spacing of ∆ = − = m m m 1 2 1 , corresponding to a difference in repetition rate of 250 MHz. This was exemplarily realised by a cavity doublet of free spectral ranges ν ∆ = 3.50
GHz and ν ∆ = 3.75
GHz, corresponding to filtering ratios of m 1 = 14 and m 2 = 15 and cavity lengths of l 1 = 42.83 mm and l 2 = 39.97 mm, respectively. Figure 3 shows the simplified principle of our dual-combgenerator. The displayed graphs are comb mode spectra in the form of intermode beat signals measured by the fast (12 GHz) photoreceiver and RF-spectrum analyser. This socalled optical beat comb arises from intermode beats of all mode pairs in an optical frequency comb ranging from its repetition rate value in the RF regime up to THz frequencies due to the large spectral bandwidth of the laser [10] .
A part of the unfiltered frequency comb mode spectrum of the seed laser source is given on the left-hand side in figure 3 . The dual-comb-generator is indicated in form of the FabryPerot cavity doublet in the centre, and the filtered frequency comb mode spectra are displayed on the right. The first transmitted mode from cavity 1 occurs at 3.50 GHz, the second at 7.00 GHz etc, and from cavity 2 at 3.75 GHz, 7.50 GHz etc, i.e. multiples of ν ∆ FSR , with decreasing signal strength. Some comb modes are not efficiently suppressed or filtered out, e.g. around 3.50 GHz after cavity 1 and at 2.25 GHz after cavity 2. Their signal levels are 10 to 19 dB smaller than the corresponding first transmitted mode. This difference corresponds to a mode suppression ratio of 10 : 1 up to 79 : 1. This unwanted transmission can originate from the relatively low finesse (i.e. mirror reflectivity) and/or suboptimal coupling of the laser beam to the cavity. The latter is strongly dependent on adjustment and mode-matching optics. The same dependence applies to the transmission efficiency. In the case of cavity 1 the DL power transmission efficiency is 84.5%, while for cavity 2 53.2% is achieved. Regarding the frequency comb a mean power of only 0.73% and 0.98% is measured after filtering by cavity 1 and 2, respectively, the main power being stored within the cavities, i.e. between the high reflecting mirrors. It should be noted that the DL transmission efficiency only serves as a measure for optical coupling to the cavity and is limited by the losses at the cavity mirrors, determined by their anti-reflection coating. Concerning the comparatively small value for the frequency comb, the large power loss is comprehensible due to the applied filtering ratios of 14 and 15, ideally transmitting no more than ∼7% of the original comb modes. On top of that there will be additional losses due to the transmission bandwidth δν or cavity finesse, respectively, as well as real optical coupling as mentioned above.
For application in multi-wavelength interferometry, i.e. generation of synthetic wavelengths, the (optical) centre frequencies ν c of both filtered combs have to be different. To that end acousto-optic modulators driven at MHz are used to shift the centre frequencies of the generated combs by different values, resulting in a total centre frequency difference 
is a running index of the unfiltered comb modes. According to equation (7) the peaks at 240 MHz and 260 MHz in figure 4 can be assigned to the beat signals/frequencies ( ) f beat, 1,1 and
f beat, 1, 1 , respectively. The peak at 250 MHz can be related to an intermode beat of not sufficiently suppressed frequency comb modes. Its large signal level compared to figure 3 is due to the more sensitive 1 GHz photoreceiver in use. Due to fibre coupling losses and removing the diode laser by polarisation optics less than 100 μW are left from several mW of optical power provided by the dual-comb-generator.
As mentioned in section 1 the achievable uncertainty in dual-comb interferometry depends critically on the bandwidth of the combs. To check on the bandwidth, the optical spectra of the seed laser source before and after cavity filtering are measured. Figure 5 illustrates an exemplary comparison between the seed laser (upper spectrum) and the filtered comb after cavity 1 (lower spectrum). The spectral FWHM of the frequency comb of 5 nm, corresponding to 2.4 THz, is clearly preserved showing the advantage of the presented dual-comb-generator. Dual-comb-generator, from left to right: mode spectrum of the seed frequency comb with a repetition rate of 250 MHz. After splitting and filtering by a coupled Fabry-Perot cavity doublet two wide spaced combs with slightly different repetition rates of 3.50 GHz and 3.75 GHz are generated. Unwanted comb modes are suppressed by ∼19 dB for cavity 1 and ∼10 dB for cavity 2. . The signal at 250 MHz originates from not sufficiently suppressed modes of the seed laser, its signal level being higher due to the sensitivity of the 1 GHz photoreceiver used.
Summary
In summary, we presented the development of a tunable FabryPerot filtering cavity doublet for the generation of coherent dual-frequency combs with GHz repetition rates from a single fibre-based femtosecond frequency comb source.
We determined ν ∆ FSR of the cavities with a precision in the range of ⋅ − 5 10 4 down to < ⋅ − 7 10 5 by measuring the transmitted beat signal between two ECDLs, whose frequencies are detuned in the range of the actual ν ∆ FSR . This method represents a new and straightforward way for free spectral range characterisation and adjustment. A PDH scheme was deployed for stabilisation of the cavity lengths on the desired ν ∆ FSR . With high-reflectivity mirrors of = R 98% separated by 42.83 mm and 39.97 mm, two filtering cavities were realised with ν ∆ FSR of 3.50 GHz and 3.75 GHz, respectively. They feature a power transmission efficiency between 53.2 and 84.5% and a calculated finesse F of 155.5. The transmission bandwidth δν was determined in the same way as ν ∆ FSR to 20.26 MHz at FWHM. The filtering performance or repetition rate multiplication, respectively, was demonstrated with a filtering ratio of 14 and 15 regarding the laser's repetition rate of 250 MHz, seeding both cavities simultaneously. A mode suppression ratio of at least 10 : 1, corresponding to 10 dB, was achieved while preserving the optical bandwidth of the seed laser. For stronger mode suppression and higher repetition rate multiplication, the cavity finesse has to be increased and the cavity length reduced, respectively. In this case one has to be aware that mode-matching and stabilisation become more critical and the transmitted power will be decreased.
The so-generated dual-frequency comb was applied to a preliminary beat note experiment, in which both optical centre frequencies were shifted by AOMs to result in a centre frequency difference of 10 MHz and therefore in beat signals of, e.g. ( ) ± 250 10 MHz when the two filtered combs are heterodyned. Individual comb lines can then be isolated along the lines of the MSTAR principle. The full bandwidth can be used after pre-selection of specific spectral regions of interest. Thus, the dual-comb-generator presented here is a significant milestone towards a full implementation of the MSTAR principle for length metrology with femtosecond frequency combs featuring relative measurement uncertainties below 10 −7 and direct traceability to the SI definition of the metre. Figure 5 . Optical spectrum of the seed laser source (upper spectrum) and filtered spectrum after cavity 1 (lower spectrum). Both spectra are normalised and separated by an offset for comparison, illustrating the preservation of the spectral width during mode filtering (5 nm corresponding to 2.4 THz at FWHM).
